The human tumor suppressor protein BRCA2 plays a key role in recombinational DNA repair. BRCA2 recruits RAD51 to sites of DNA damage through interaction with eight conserved motifs of approximately 35 amino acids, the BRC repeats; however, the specific function of each repeat remains unclear. Here, we investigated the function of the individual BRC repeats by systematically analyzing their effects on RAD51 activities. Our results reveal the existence of two categories of BRC repeats that display unique functional characteristics. One group, comprising BRC1, −2, −3, and −4, binds to free RAD51 with high affinity. The second group, comprising BRC5, −6, −7, and −8, binds to free RAD51 with low affinity but binds to the RAD51-ssDNA filament with high affinity. Each member of the first group reduces the ATPase activity of RAD51, whereas none of the BRC repeats of the second group affects this activity. Thus, through different mechanisms, both types of BRC repeats bind to and stabilize the RAD51 nucleoprotein filament on ssDNA. In addition, members of the first group limit binding of RAD51 to duplex DNA, where members of the second group do not. Only the first group enhances DNA strand exchange by RAD51. Our results suggest that the two groups of BRC repeats have differentially evolved to ensure efficient formation of a nascent RAD51 filament on ssDNA by promoting its nucleation and growth, respectively. We propose that the BRC repeats cooperate in a partially redundant but reinforcing manner to ensure a high probability of RAD51 filament formation.
The human tumor suppressor protein BRCA2 plays a key role in recombinational DNA repair. BRCA2 recruits RAD51 to sites of DNA damage through interaction with eight conserved motifs of approximately 35 amino acids, the BRC repeats; however, the specific function of each repeat remains unclear. Here, we investigated the function of the individual BRC repeats by systematically analyzing their effects on RAD51 activities. Our results reveal the existence of two categories of BRC repeats that display unique functional characteristics. One group, comprising BRC1, −2, −3, and −4, binds to free RAD51 with high affinity. The second group, comprising BRC5, −6, −7, and −8, binds to free RAD51 with low affinity but binds to the RAD51-ssDNA filament with high affinity. Each member of the first group reduces the ATPase activity of RAD51, whereas none of the BRC repeats of the second group affects this activity. Thus, through different mechanisms, both types of BRC repeats bind to and stabilize the RAD51 nucleoprotein filament on ssDNA. In addition, members of the first group limit binding of RAD51 to duplex DNA, where members of the second group do not. Only the first group enhances DNA strand exchange by RAD51. Our results suggest that the two groups of BRC repeats have differentially evolved to ensure efficient formation of a nascent RAD51 filament on ssDNA by promoting its nucleation and growth, respectively. We propose that the BRC repeats cooperate in a partially redundant but reinforcing manner to ensure a high probability of RAD51 filament formation.
breast cancer | cancer | chromosome stability | DNA-break repair | recombination B RCA2 is a tumor suppressor protein. First identified in humans, mutations in BRCA2 cause predisposition to breast, ovarian, and other types of cancer (1, 2) . It soon became apparent that BRCA2 is involved in maintaining genomic stability through its interaction with RAD51, a central component of recombinational DNA repair in humans (3) . Homologous recombination serves to maintain genomic integrity in somatic cells by promoting the repair of breaks in DNA strands. BRCA2 regulates RAD51 function in DNA repair by recruiting it to the sites DNA breaks (4) . For double-stranded DNA breaks, the dsDNA is resected to produce ssDNA that is rapidly bound by Replication protein A (RPA) (5-7). There, BRCA2 mediates the loading of RAD51 protein onto the RPA-ssDNA that was produced by resection (8, 9) .
The 3,418 amino acids (aa) of BRCA2 include several hallmark motifs that are conserved in all BRCA2-like proteins and they are regarded as critical for function. One of these key motifs is a sequence of about 35 aa in length, referred to as the BRC repeat, because it is repeated eight times in the human protein, and is separated by variable size linker regions (10) (11) (12) (Fig. S1A ). These motifs are highly conserved between mammalian species (11) , and they confer upon BRCA2 the ability to bind RAD51 (8) . In addition to the BRC repeats, an unrelated sequence capable of binding RAD51 was mapped to the C terminus, and it controls BRCA2 function through the cell cycle (13, 14) . Adjacent to the BRC repeats in the primary sequence there is also a binding site for DMC1, the meiotic homolog of RAD51 (15) , implicating BRCA2 in meiotic recombination. The C-terminal domain of BRCA2 contains a site that enables it to bind single-stranded DNA (ssDNA) (16) and two nuclear localization signals that allow it to recruit RAD51 to the nucleus (17) .
The conspicuous conservation of the BRC repeats between mammalian species contrasts with the relatively poor identity among the repeats within a species, suggesting that multiplication of the initial BRC repeat took place before mammalian radiation (11) . The divergence of these repeat units suggests that they may have evolved to achieve different functions (18) . Nevertheless, based on the crystal structure of RAD51-BRC4 (19), a sequence interaction fingerprint of the BRC repeats and RAD51 has been identified and its conservation is remarkably good especially for repeats BRC1, −2, −4, −7 and −8 (12) .
Depending on the assay, pull-down or yeast two-hybrid, six or eight of the BRC repeats have been reported to bind to the core region of RAD51 (20) . This conclusion is consistent with the RAD51-binding capacity of full-length BRCA2, which binds at least six RAD51 monomers (8) . Using a semiquantitative yeast two-hybrid assay, a fragment containing BRC1-4 was estimated to bind RAD51 with an affinity equivalent to that of a region containing all the BRC repeats, and fivefold tighter than BRC6-8, (21); other groups have confirmed these findings (15, 22) . Again by yeast two-hybrid analysis, BRC4 was shown to interact threefold stronger with RAD51 than BRC1 (23) .
Apart from the semiquantitative approaches mentioned above, little is known about the individual functions of these different repeats. Previously, we established that BRC4 and a region containing all eight BRC repeats modulates the DNA-binding preference of RAD51 by kinetically slowing nucleation onto dsDNA, while stabilizing complex formation with ssDNA (24) . In addition, we showed the BRC4 stabilizes the RAD51-ssDNA filament by halting ATP hydrolysis by RAD51. Here we have extended those findings to include analysis of each of the eight BRC repeats. We discovered that they comprise two separate classes. We can define the roles of the individual BRC repeats based on their distinctive differences in affinity for RAD51 versus the RAD51-ssDNA filament; also, we establish they have contrasting effects on RAD51 functions. These analyses have revealed an unexpected separation of functions that define two distinct classes of BRC repeats: BRC1, −2, −3, and −4 comprise one class, and BRC5, −6, −7, and −8 comprise the other. Together, these two classes of BRC repeats function in a complementary manner to facilitate formation of the RAD51 nucleoprotein filament that is essential for the DNA strand exchange activity, which is required for recombinational DNA repair. These findings further define the function of BRCA2 in DNA repair.
Results
The Individual BRC Repeats Bind RAD51 with Distinct Affinities. Various studies have established the ability of the BRC repeats to bind RAD51 (20) (21) (22) (23) ; however, a quantitative analysis of the affinity of each BRC repeat for RAD51 has not been reported. We purified BRC1, BRC2, BRC3, BRC4, BRC5, BRC6, BRC7, and BRC8 fused to glutathione-S-transferase (GST) (Fig. S1B) . Each GST-BRC fusion was tested individually for interaction with RAD51 in a GST pull-down assay wherein the RAD51 concentration was varied (8, 24) . Using known concentrations of purified RAD51 (Fig. 1A, lanes 1-4) and each GST-BRC fusion (Fig. 1A,  lanes 11-14) as a standard, RAD51 was incubated with the GST-BRC repeat, captured using glutathione beads, and analyzed by SDS/PAGE (Fig. 1A, lanes 6-10) . The gels were stained with SYPRO Orange, and the binding of increasing amounts of RAD51 to a fixed amount of BRC peptide was quantified to generate the binding curves shown in Fig. 1B . Little or no RAD51 was retained by nonspecific binding to the beads (Fig. 1A , lane 5). All of the BRC repeats bound RAD51 to some extent ( Fig. 1 A and B) . The amount of RAD51 bound to the BRC repeats increased with RAD51 concentration (Fig. 1A , lanes 6-10); for BRC1, −2, −3, and −4, the binding curve approached a plateau, indicating formation of a saturable complex. As expected from prior studies (21-23), BRC1, −2, −3, and −4 bound to RAD51 with higher affinity than either BRC5, −6, −7, or −8, (Fig. 1 A and B and Table 1 ). BRC2, BRC4, and BRC1 displayed the highest affinity for RAD51 with an apparent K d of approximately 1 − 2 μM in each case, with BRC3 next at approximately 4 μM. For BRC1, −2, −3, and −4, the stoichiometry reached a plateau at approximately 1 RAD51 monomer per BRC repeat (Table 1) .
In comparison, the ability of RAD51 to bind either BRC5, −6, −7, or −8, was greatly reduced. We could only measure with reasonable accuracy the affinity of BRC5 (K d ¼ 9.0 AE 4.3 μM); due to the lower affinity, the binding stoichiometry derived from the curve fitting shows a large error (1.0 AE 0.7). The binding curves for BRC6, −7, and −8 are represented as dashed lines (Fig. 1B) because they could not be accurately fit to a hyperbolic binding curve; we estimate that their dissociation constants are approximately 100-200 μM. These results are in qualitative accord with our previous study of the full-length human BRCA2 protein revealing two affinities classes for RAD51 binding: one that binds 4.5 AE 1 molecules of RAD51 with high affinity, and a second class that binds at least 2-3 RAD51 molecules with 100-to 1,000-fold lower affinity (8) .
Only BRC1, −2, −3, and −4 Inhibit the DNA-Dependent ATPase Activity of RAD51. We showed previously (24) that a single BRC repeat (BRC4) can stabilize the RAD51-ssDNA complex by inhibiting the DNA-dependent ATPase activity of RAD51. Using the same rationale, we analyzed the effect of the individual BRC repeats on the ATPase activity of RAD51. Addition of either BRC1, −2, −3, or −4 decreased the ssDNA-dependent ATP hydrolysis by RAD51 in a concentration-dependent manner ( Fig. 2A) . The reduction in ATP hydrolysis correlated generally with the affinity of the BRC repeats for RAD51 (Table 1) , showing the progression: BRC4 > BRC2 > BRC3 > BRC1. As expected from the binding results, BRC5, −6, −7 and −8 did not show any effect on the ATPase activity of RAD51 (Fig. 2B) .
All of the BRC Repeats Stimulate RAD51-ssDNA Complex Formation, but by Different Mechanisms. To determine whether the inhibition of ATPase activity results in a stabilization of RAD51-ssDNA complex, we used an electrophoretic mobility-shift assay (EMSA). Briefly, RAD51 was incubated with the individual BRC repeats, and added to ssDNA (dT 40 ) in the presence of ATP, Mg 2þ , and Ca 2þ , as done previously for BRC4 (24) . BRC1, −2, −3, and −4 stimulated the binding of RAD51 to ssDNA according to their binding affinities (BRC1: Fig. 3A (lanes 3-6) ; BRC2: Fig. 3A , (lanes 7-10); BRC3: Fig. 3B (lanes 3-6); and BRC4: Fig. 3B (lanes 7-10) ). Unexpectedly, BRC5, −6, −7, and −8, despite both very weak binding to RAD51 ( Fig. 1 ) and no effect Table 2 ).
Because BRC5 through 8 cannot bind free RAD51 ( Fig. 1 ) but they do promote binding of RAD51 to ssDNA, we concluded that they must be binding to the RAD51-ssDNA filament rather than to free RAD51. To verify this inference, we performed the same mobility-shift experiment but used BRC5 bound to fluorescently labeled anti-GST as a reporter of the GST-tagged BRC5. Fig. S2 shows two images of the same gel: A shows the radioactive signal coming from the ssDNA and B shows the fluorescent signal coming from the reporter FL-BRC5. As can be seen, the fluorescently labeled BRC5 displayed the same mobility as the radiolabeled RAD51-ssDNA complexes, indicating that it is part of the complex. As expected, BRC5 alone did not shift the mobility of the ssDNA, confirming the absence of direct binding to ssDNA (Fig. S2A, lane 1) ; however, as seen in Fig. S2B (lane 1) , there is some nonspecific retention of the fluorescently labeled BRC5 in the wells due to antibody binding. The fact that the amount of BRC repeat that bound to the filament increased above this background with increasing BRC5 concentration, while the amount of RAD51-ssDNA complex remained constant [compare Fig. S2A (lanes 3-6) and Fig. S2B (3-6) ], shows that the BRC5 bound to the RAD51-ssDNA complex, and that it did not need to be at saturating amounts to exert its stabilizing effect. To our knowledge, no function had been previously ascribed to BRC repeats 5 through 8.
BRC1, −2, −3, and −4 Prevent the Formation of RAD51-dsDNA Nucleoprotein Filaments. RAD51 binds with similar affinity to ssDNA and dsDNA (25) (26) (27) . Previously we showed that BRC4 could inhibit the binding of RAD51 to dsDNA (24) . The effect of the remaining BRC repeats on the formation of RAD51-dsDNA complex was examined as described previously (24) . In the presence of ATP, Mg þ2 , and Ca þ2 , about 40% of the DNA was shifted by RAD51 binding, (Fig. 4A (lane 2) and Fig. 4D ). The presence of BRC1, −2, −3, or −4 produced a concentration-dependent decrease in RAD51-dsDNA complexes, each to a similar extent, resulting in nearly complete inhibition of complex formation ( Fig. 4F (lanes 8-10) ; BRC4 was used as a control in all panels). These results demonstrate that BRC1, −2, −3, and −4 share the common property of inhibiting the binding of RAD51 to dsDNA. Based on our previous work with BRC4, it is reasonable to expect that the mechanism of inhibition by these repeats would be the same: Namely, rather than disrupting the nucleoprotein filaments formed on dsDNA, they slow the nucleation of RAD51 onto dsDNA (24) . The apparent affinity of the BRC repeats for RAD51-ssDNA nucleoprotein filaments is defined as the concentration of BRCx required for half-maximal RAD51 nucleoprotein filament formation. The apparent dissociation constant (K d;app AE S:D:) for BRCx binding was obtained from fitting of the EMSA experiments shown in Fig. 3 (N.A.) .
modulate the DNA-binding selectivity of RAD51. To ascertain the consequences of this regulation, we examined their effect on the DNA strand exchange activity of RAD51 (24) . Briefly, RAD51 was incubated with each individual BRC repeat in the presence of ϕX174 ssDNA. The mixture was then incubated with the ssDNA-binding protein, RPA, and the reaction was started by addition of 32 P-labeled linearized ϕX174 dsDNA (Fig. 5A) . At a two-fold higher concentration of RAD51 than the optimal amount required to saturate the ssDNA (Fig. 5B, lane 8) , RAD51 binds to the dsDNA partner and decreases product formation to background levels [ Fig. 5B (lanes 1, 9, and 21 )] (25, 28). As previously shown (24) , under these conditions, BRC4 stimulated RAD51-mediated DNA strand exchange (Fig. 5B, lanes 22-26) and the product yields surpassed those of the optimal RAD51 reaction (Fig. 5F , compare red squares versus purple circles). A similar stimulation was observed for BRC1 (Fig. 5B (lanes  2-6) and Fig. 5C ), BRC2 (Fig. 5B (lanes 10-14) and Fig. 5D ) and BRC3 (Fig. 5B (lanes 15-19) and Fig. 5E ). This stimulation is reflected as an increase in the amount of both the intermediates of DNA strand exchange, joint molecules (JM) (Fig. 5 C-F,  closed symbols) , and the product, nicked circular dsDNA (NC) (Fig. 5 C-F, open symbols) . The extent of stimulation was the greatest for BRC2 and BRC4 (Fig. 5 D and F) , consistent with their higher affinity for RAD51. In contrast, BRC5, −6, −7, −8 did not stimulate RAD51-mediated DNA strand exchange reaction at the maximum concentrations attainable (Fig. S4) . These results strongly suggest that BRC1, −2, −3, and −4 use a similar mechanism to stimulate RAD51-mediated DNA strand exchange activity. In contrast, the capabilities of BRC5, −6, −7, and −8 are restricted to the stimulation of RAD51 nucleoprotein filament formation on ssDNA.
Discussion
In spite of the many studies devoted to analysis of the BRC repeats of BRCA2, an unanswered fundamental question is why mammalian organisms carry a BRCA2 protein with eight BRC repeats, whereas BRCA2 homologs from organisms such as Caenorhabditis elegans BRC-2 or Ustilago maydis Brh2 have only a single BRC repeat. A related question concerns the function of each repeat in human BRCA2. In an attempt to answer these questions we studied the effects of the individual BRC repeats on RAD51 function.
Previous studies used semiquantitative methods, such as yeast two-hybrid or GST pull-downs from cell extracts, to estimate the affinity of several BRC repeats for RAD51 (20, 21) . Using purified GST-tagged BRC repeats and purified RAD51, we quantified the affinity of each BRC repeat for both RAD51 and RAD51-ssDNA complexes. Our results show an unambiguous difference in the affinities of BRC repeats 1, −2, −3, and −4 versus −5, −6, −7, and −8 for RAD51. The first four repeats showed the strongest interaction with RAD51, and this is in accord with previous estimates (20, 21) . BRC repeats 1, −2, −3, and −4 bound to RAD51 with a stoichiometry of approximately 1 to 1, whereas BRC repeats 5, −6, −7, and −8 bound very weakly; this dichotomy is in agreement with our recent work using full-length BRCA2 where two RAD51 binding modes were observed (8) . Interestingly, BRC2, which contains several nonconserved residues compared to other BRC repeats (11) , was remarkably similar in behavior to BRC4. The sequence of BRC2, however, is very well conserved in the BRC2 sequences of other mammalian species suggesting that residues outside of the canonical BRC repeat consensus sequence also contribute to the modulation of RAD51 DNA-binding affinity (12) . Previously, we demonstrated that either BRC4 or a region comprising BRC repeats 1-8 stabilized the formation of RAD51-ssDNA complex by inhibiting its DNA-dependent ATPase activity (24) ; this behavior was also manifest by the full-length protein, BRCA2 (8) . Interestingly, the analysis reported here reveals that only the first four BRC repeats block ATP hydrolysis by RAD51. These results point to a similar mechanism for stabilization of RAD51-ssDNA complexes by BRC1, −2, −3, and −4. Unexpectedly, despite displaying a low affinity for free RAD51 protein (Fig. 1B, Table 1 ), BRC5, −6, −7, and −8 stimulated the binding of RAD51 to ssDNA in a BRCx concentration-dependent manner, as do the other repeats (Fig. 3 E and F) . These results suggested that the affinity of these repeats for RAD51 increases significantly when RAD51 is assembled into nucleoprotein filaments on ssDNA; we have indeed verified this hypothesis as shown in Fig. 3 and Table 2 . In addition, our results show that BRC1, −2 and −3 also inhibit RAD51-dsDNA complex formation to a similar extent as BRC4 (24); however, BRC5, −6, −7, and −8 lack this activity. Lastly, as a consequence of these properties, BRC1, −2, −3, and −4 promote DNA strand exchange when RAD51 is present in an amount excess of that needed to saturate the ssDNA, but BRC5, −6, −7, and −8 do not.
Together, these data suggest that the BRC repeats of human BRCA2 have evolved into two separate groups to ensure RAD51 nucleoprotein filament formation on ssDNA, rather than dsDNA, as indicated in our model (Fig. 6) . After resection of a double-strand break (DSB), BRCA2 binds to the free form of RAD51 via BRC1, −2, −3, and −4 to facilitate nucleation of the RAD51 filament on the ssDNA (step 1). The high-affinity binding mode of this BRC group facilitates the rate-limiting nucleation of RAD51 on ssDNA by delivering it to the ssDNA, locally inhibiting ATP hydrolysis, and avoiding nonproductive association with dsDNA (step 2). We propose that the second group, formed by repeats BRC5, −6, −7, and −8, binds to the RAD51 molecules that have extended in a filamentous form from the nucleus on ssDNA (step 3). These repeats stabilize the association of RAD51 with ssDNA without affecting the ATP hydrolysis and, in a sense, serve as a chaperone to guide nascent filament formation. Once the filament starts to grow beyond the region physically occupied by BRCA2 (step 4), the BRCA2 would dissociate, having facilitated both nucleation and nascent growth. The BRCA2 could either dissociate without the RAD51 molecules that were originally bound to the BRCA2 leaving them bound to the ssDNA or, in principle, it could dissociate as a complex with the 4-5 tightly bound RAD51 molecules, which bind to BRCA2 with nanomolar affinity (step 4) (8), to engage another DSB and start the process again. The details of RAD51 filament growth are largely undefined but, similar to RecA (29), it likely can grow both directions (step 5) (30), to fill the ssDNA gap on either side of the nascent RAD51 filament thus enabling DNA strand exchange to proceed in either direction (8, 30, 31) , although with a bias opposite to that of RecA (25, 32) . Although the disposition of the BRC5-BRC8 relative to BRC1-BRC4 in the tertiary structure of BRCA2 is unknown, in principle, they can be organized either to one side of the BRC1-4 nucleation center in which case they would direct a unidirectional assembly of the RAD51 filament, or they could be located on either side of the nucleation core, in which case they would promote bidirectional growth that is needed to fill ssDNA gaps. The resulting nucleoprotein filament would then promote the homology-search, DNApairing, and strand-invasion steps of the recombination process.
Many aspects of the BRC repeats remain to be elucidated. For example, recently, two modules within the BRC repeats have been described, adding another layer of complexity to their function (33) . Our study of the individual BRC repeats has allowed us to ascribe a function to four of the previously unassigned BRC repeats and to unveil a separation of function between the eight BRC repeats of BRCA2. Within the context of the full protein, it is clear that the BRC repeats act synergistically to bind RAD51 because the affinity for RAD51 is approximately 1,000-fold higher than for an isolated BRC repeat (8, 24) . The reinforcing activities of the BRC repeats described here can explain why mutation of a single BRC repeat can increase the risk of breast cancer, but paradoxically all of the BRC repeats are not essential for at least partial BRCA2 function: The redundancy and cooperativity of BRC function within the full protein ensure a high probability of nucleation and growth of RAD51, but clearly a single repeat can suffice as a minimal platform for assembly (34) (35) (36) , as is the case for bacterial analogs (37, 38) . For humans, however, most or all of the repeats are needed to ensure the . Upon formation of a DSB, the dsDNA is resected to generate ssDNA tails. RAD51 binds to BRCA2 through the high-affinity BRC repeats, BRC1-4 (1); via this interaction, the BRC repeats alter the conformation of RAD51, enhancing ssDNA binding and slowing dsDNA binding. The binding of BRCA2 to ssDNA directs RAD51 onto the ssDNA of a processed DSB and restricts assembly onto the dsDNA nearby; the new conformation imposed by BRC1-4 on RAD51 ("locked" RAD51) allows nucleation onto ssDNA and stabilizes the nascent nucleoprotein filament by limiting the ATP hydrolysis by RAD51 (2). After nucleation, BRC repeats 5-8 bind the nascent RAD51 nucleoprotein filament and further stabilize filament extension locally (3). The subsequent BRCA2-independent growth of the RAD51 nucleoprotein filament displaces RPA from the ssDNA. At this point, BRCA2 can be released from the DNA to promote RAD51 nucleation at another DSB (4). The RAD51 filament continues to grow from the BRCA2-stablized nucleus to form the ATP-bound nucleoprotein filament capable of homologous DNA pairing (5) .
efficient loading of RAD51 on ssDNA required for ongoing recombinational DNA repair of somatic cells.
Materials and Methods
Construction of GST-BRC Expression Plasmids. Details are found in SI Text.
Protein Expression and Purification. RAD51, RPA, and GST-tagged BRC repeats were purified as described (24) . A GST contaminant copurifies with some of the GST-BRC preparations as a consequence of leaky expression from the bacterial host; the GST contaminant, however, had no effect because the same the results were obtained when the GST tag was cleaved (24) . See SI Text for additional details.
GST Pull-Down Assay. Glutathione-Sepharose 4B beads (GE) were equilibrated with binding buffer 'B': 20 mM TrisHCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 1 mM DTT, 10% glycerol, 0.01% Igepal CA-630. Each purified GST-BRC peptide (0.5 μg) was incubated with 0.4-2.4 μg of purified RAD51, for 15 min at 37°C and then batch bound to glutathione beads in a final volume of 30 μL for 30 min at 37°C. The complexes were then washed with buffer B containing 0.1% Igepal CA-630 and loaded onto a 12% SDS-polyacrylamide gel. The gel was run for 1 h at 180 Volts and stained with SYPRO Orange (Invitrogen). The protein bands were quantified by ImageQuant software on a Storm 860 PhosphorImager (Molecular Dynamics). The amount of RAD51 pulled down with each GST-BRC peptide in Fig. 1A was determined using standard curves generated from known concentrations of RAD51 and GST-BRC peptides run in the same gel. When present, RAD51 retained by nonspecific binding to the beads was subtracted in the quantification. The input concentration of GST-BRC peptide in each pull-down reaction was 2.3 μM; when present, contaminating free GST in the BRC peptide preparation was accounted for so that the concentrations reported are those for the GST-BRCx peptide. The total input for RAD51 ranged from 1.6 μM to 9.6 μM. The binding data were fit to a hyperbola.
Preparation of GST-BRC Peptide Bound to Fluorescently Labeled Anti-GST. Details are found in SI Text.
ATP Hydrolysis, DNA Strand Exchange, and Electrophoretic Mobility-Shift (EMSA) Assays. The procedures and reactions were essentially as described (24) ; see SI Text for details.
Analysis. In all graphs, error bars represent the standard deviation derived from at least two independent experiments and, in some cases, error bars are smaller than the symbol; all analyses used GraphPad Prism (version Mac 5.0b).
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Carreira and Kowalczykowski 10.1073/pnas.1106971108 SI Materials and Methods Construction of GST-BRC Fusion Expression Plasmids. The BRCA2 fragments corresponding to the individual BRC repeats were amplified by PCR using AccuPrime Pfx DNA polymerase (Invitrogen) set for 35 cycles using 50 ng of a plasmid expressing full length BRCA2 gene as template. The PCR products were then purified using QiaQuick PCR purification kit (Qiagen), digested with BamHI, XhoI and repurified using the same kit. Then the fragments were ligated into pGEX-6-P1 vector (Amersham Biosciences) digested with BamHI, XhoI, using T4 DNA Ligase (Invitrogen). The clones were sequence verified using the DNA sequencing facility of UC Davis. The fragments of BRCA2 sequence amplified and corresponding to the BRC repeats are based on the Uniprot Database annotation (The Uniprot Consortium., 2010), and are the following: BRC1: NHSFGGSFRTASNKEIKLSEHNIKKSKMFFKDIEE BRC2: NEVGFRGFYSAHGTKLNVSTEALQKAVKLFSDIEN BRC3: FETSDTFFQTASGKNISVAKESFNKIVNFFDQKPE BRC4: KEPTLLGFHTASGKKVKIAKESLDKVKNLFDEKEQ BRC5: IENSALAFYTSCSRKTSVSQTSLLEAKKWLREGIF BRC6: FEVGPPAFRIASGKIVCVSHETIKKVKDIFTDSFS BRC7: SANTCGIFSTASGKSVQVSDASLQNARQVFSEIED BRC8: NSSAFSGFSTASGKQVSILESSLHKVKGVLEEFDL Electrophoretic Mobility Shift Assay (EMSA). RAD51 was preincubated with GST-tagged BRCx (where x refers to 1, 2, 3, 4, 5, 6, 7 or 8) peptides at the indicated concentrations for 15 min, followed by addition of ssDNA (dT 40 , labeled with 32 P at the 5′-end) or dsDNA ( 32 P-labeled at the 5′ end or 32 P-5′ end labeled duplex dT 40 · dA 40 prepared by annealing), at the concentrations indicated, in buffer containing 20 mM Tris-HCl (pH 7.5), 10 mM MgðOAcÞ 2 , 2 mM CaCl 2 , and 2 mM ATP. The mixture was incubated for 60 min at 37°C, as indicated. The reaction products were resolved by 6% PAGE at 4°C in TAE, (40 mM Tris acetate (pH 7.5) and 0.5 mM EDTA). The gels were dried and analyzed on a Molecular Dynamics Storm 840 PhosphorImager using ImageQuant software. The percentage of protein-DNA complexes was quantified as the free radiolabeled DNA remaining in a given lane relative to the protein-free lane, which defined the value of 0% complex (100% free DNA). In Fig. S2 , the EMSA protocol was the same except that GST-BRC5 (0.6 μM) was bound to fluorescently labeled (AlexaFluor 555) antiGST (1.5 μM) (abbreviated FL-BRC5) and supplemented with GST-BRC5 up to the concentration required prior to incubation with the DNA.
Preparation of GST-BRC Peptide Coupled with Fluorescently Labeled
Anti-GST. Rabbit anti-GST (50 μl; Immunology Consultants Laboratory) was buffer exchanged using a P6 spin column (at 850 g for 4 min; BioRad, Hercules, CA) equilibrated with labeling buffer (50 mM sodium borate (pH 9.3), 140 mM NaCl, and 2.7 mM KCl). A 20-fold molar excess of AlexaFluor 555 succinimidyl ester (Molecular Probes) was incubated with anti-GST antibody at room temperature for 30 min in the dark. The sample was then applied to a P6 spin column equilibrated with 50 mM Tris acetate (pH 7.5) to remove the unreacted AlexaFluor 555. The dye and antibody concentrations were determined using the extinction coefficients ε 552 1.5 × 10 5 M −1 cm −1 for AlexaFluor 555, and ε 280 1.7 × 10 5 M −1 cm −1 for anti-GST. The effect of absorption by AlexaFluor 555 at 280 nm was corrected according to manufacturer specifications. The degree of labeling was calculated using the ratio of AlexaFluor 555 and antibody concentrations, and determined to be approximately seven dyes/protein. GST-BRC peptide (2 μM) was incubated with anti-GST-AlexaFluor 555 (5 μM) for 1 h at approximately 23°C. This stock was used for the EMSA experiments shown in Fig. S2 at a final concentration of 0.6 μM GST-BRC and 1.5 μM anti-GST-AlexaFluor 555, abbreviated in the figure as FL-BRC5.
ATP Hydrolysis Assay. RAD51 (3 μM) was preincubated with the GST-tagged BRCx, for 15 min at 37°C, followed by addition of ssDNA (9 μM nucleotides (nt) in 10 μl of buffer containing 20 mM Tris-HCl (pH 7.5), 4 mM MgCl 2 , 1 mM DTT, 0.5 mM ATP, and 20 μCi∕ml [γ 32 P] ATP, and further incubated at 37°C for 1 hour. Aliquots (1 μl) were spotted onto a polyethyleneimine (PEI) thin layer chromatography (TLC) plate (EMD Chemicals). The spots were air-dried and the plates were developed in 1 M formic acid and 0.5 M LiCl. The amount of ATP hydrolysed was determined from dried plates using a Molecular Dynamics Storm 840 PhosphorImager. The amount of 32 P i and [γ 32 P] ATP was quantified using ImageQuant software. -12) , or BRC8 (lanes [13] [14] on DNA strand exchange between ϕX174 circular ssDNA and linear dsDNA promoted by RAD51 (7.5 μM). Lane 1 is a control performed in the absence of RAD51 and BRC peptide but in the presence of RPA. Lane 2 shows the DNA strand exchange products obtained with RAD51 and RPA, but in the absence of BRC peptide.
